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Abstract	  	  Cardiovascular	  diseases	  resulting	   from	  atherosclerosis	  comprise	   the	  single	  biggest	  cause	   of	   death	   in	   the	   developed	   world1.	   	   In	   atherosclerosis,	   both	   local	   vessel	  stiffness	  and	  extracellular	  organization	   is	  perturbed.	   	  Vascular	   smooth	  muscle	   cell	  (VSMC)	  function	  is	  perturbed	  in	  atherosclerosis,	  but	  it	  is	  not	  clear	  if	  this	  is	  due	  to	  the	  evolving	   changes	   in	   extracellular	   mechanical	   stimuli.	   	   Here,	   we	   will	   build	   upon	  previous	   work	   using	   microfabrication	   techniques	   to	   determine	   the	   influence	   of	  extracellular	   matrix	   (ECM)	   mechanics	   and	   ECM	   organization	   on	   VSMC	   self-­‐organization.	  	  We	  will	  use	  our	  previously	  developed	  alternating-­‐substrate	  modulus	  system	   combined	   with	   microcontact	   printing	   (MCP)	   to	   observe	   and	   quantify	   cell	  self-­‐organization	   when	   cells	   are	   guided	   by	   both	   the	   stiffness	   of	   the	   underlying	  substrate	  and	  stamped	  lines	  of	  fibronectin	  protein.	   	  This	  study	  will	  provide	  insight	  on	  VSMC	  behavior	  with	  competing	  influences	  on	  cell	  self-­‐organization	  and	  may	  help	  provide	   insight	   to	   cell	   characteristics	   that	   may	   be	   useful	   in	   developing	  atherosclerosis	  therapies.	  	  	  	  	  	  	  	  	  
Introduction	  
	  Cardiovascular	  diseases	  caused	  by	  atherosclerosis	  comprise	  the	  number	  one	  cause	  of	  death	  in	  the	  developed	  world,	  accounting	  for	  one	  out	  of	  every	  three	  adult	  deaths1.	  	  Atherosclerosis	  lesions	  consist	  of	  asymmetric	  thickenings	  of	  the	  tunica	  intima	  (Fig.	  1).	   	   They	   consist	   of	   cells,	   connective-­‐tissue	   elements,	   lipids,	   and	   other	   cellular	  debris2.	   	   Atherosclerosis	   can	   develop	   in	   response	   to	   vessel	   wall	   injury	   caused	   by	  many	   stimuli	   including	  diabetes	   and	  hypertension.	   	   	   After	   initial	   injury,	  many	   cell	  types,	  including	  vascular	  smooth	  muscle	  cells	  (VSMCs),	  platelets,	  and	  inflammatory	  cells	  release	  growth	  factors	  and	  cytokines	  that	  lead	  to	  multiple	  effects.	  	  The	  released	  factors	   promote	   the	   transition	   of	   VSMCs	   from	   a	   quiescent	   contractile	   state	   to	   the	  active	   synthetic	   state,	   VSMC	  migration	   and	   proliferation,	   and	   extracellular	  matrix	  (ECM)	  protein	  deposition2,3.	  VSMCs	  transition	   from	  quiescent	   to	  synthetic	  marks	  a	  key	   step	   in	   atherosclerosis	   disease	   progression,	   yet	   its	   cause	   remains	   poorly	  understood.	  	  	  	   In	   the	   native	   vessel,	   VSMCs	   are	   surrounded	   by	   a	   highly	   structured	   ECM	  consisting	  of	   collagens	   type	   I	   and	   III,	   elastin,	   and	  proteoglycans.	   	  These	  molecules	  are	   important	   for	   maintaining	   tissue	   structure	   and	   play	   key	   roles	   in	   guiding	   cell	  function.	  	  Matrix	  metallo	  proteinases	  (MMPs)	  are	  enzymes	  thought	  to	  play	  a	  role	  in	  VSMC	   migration	   by	   catalyzing	   and	   removing	   the	   basement	   membrane	   around	  VSMCs	   and	   facilitating	   contacts	   with	   the	   surrounding	   interstitial	   matrix.	   	   Some	  research	   suggests	   that	   MMPs	   facilitate	   the	   transition	   of	   VSMCs	   from	   quiescent	  contratile	  to	  active	  synthetic.	  	  	  	  	   Rigidity	   sensing	   plays	   an	   integral	   role	   in	   determining	   cellular	   behavior.	  	  Researchers	  have	  demonstrated	  that	  cells	  respond	  to	  the	  stiffness	  of	  their	  substrate	  by	   altering	   cytoskeletal	   organization,	   focal	   adhesions,	   and	   other	   processes	   that	  govern	   cell	   behaviors4.	   	   	   Cells	   grown	   on	   softer	   substrates	   have	   been	   shown	   to	  contain	   irregularly	   shaped,	   dynamic	   focal	   adhesions,	   while	   cells	   grown	   on	   stiffer	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substrates	   have	   been	   shown	   to	   be	   more	   stable5.	   	   Changes	   to	   the	   stiffness	   of	   the	  arterial	   wall	   that	   accompany	   vascular	   disease	   such	   as	   atherosclerosis	   are	   well	  established.	  	  For	  example,	  the	  elastic	  modulus	  of	  a	  normal	  vessel	  is	  30	  kPa	  but	  for	  a	  diseased	  vessel,	  the	  modulus	  of	  elasticity	  increases	  to	  80	  kPa6.	  	  Studies	  have	  shown	  cells	   respond	   to	   mechanical	   changes	   in	   their	   environment.	   	   Stem	   cells	   grown	   on	  stiffer	  substrates	  tend	  to	  develop	  distinct	  characteristics	  from	  cells	  grown	  on	  softer	  substrates7.	   	   Durotaxis	   was	   first	   coined	   by	   Lo	   et	   al.	   to	   describe	   the	   preferential	  migration	  of	   cells	   towards	  stiff	   substrates	  and	  away	   from	  soft	   substrates.	  Lo	  et	  al.	  determined	  that	  cells	  could	  detect	  substrate	  stiffness	  through	  tactile	  exploration	  via	  exerting	  a	  force	  on	  a	  new	  surface	  and	  measuring	  the	  resulting	  deformation8	  (Fig.	  2).	  	   To	   date,	   it	   is	   unclear	   whether	   structural	   or	   mechanical	   changes	   are	   more	  important	   and	   how	   they	   change	   the	   key	   function	   of	   VSMCS:	   contractile	   stress	  generation.	   	   Previous	   studies	   have	   shown	   that	   cells	   can	   sense	   through	   soft	  substrates	  and	  exhibit	  different	  morphologies	  as	  the	  thickness	  of	  the	  soft	  substrate	  is	   altered9.	   Here,	   we	   develop	   an	   alternating-­‐modulus	   substrate	   system	   using	  Polydimethylsiloxane	   (PDMS)	   composed	   of	   a	   stiff	   basement	   layer	   covered	   by	   a	  softer	   top	   layer.	   	   Using	   this	   system	   will	   be	   advantageous	   over	   previous	   systems	  because	  it	  can	  easily	  be	  adapted	  to	  measure	  VSMC	  contractility	  as	  done	  in	  previous	  studies.	  	  	  
Fig.	   1	   The	   structural	   anatomy	   of	   arterial	   tissue	   in	   humans.	   	  VSMCs	   typically	  exist	   in	   the	   tunica	  media	   under	   normal	   conditions	   but	   can	  migrate	   to	   the	   tunica	  intima	  during	  a	  key	  step	  in	  progression	  of	  atherosclerosis.	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   Fibronectin	  is	  an	  ECM	  protein	  that	  mediates	  a	  variety	  of	  cellular	  interactions	  between	   the	   cell	   and	   its	   environment.	   	   Interactions	   between	   cells	   with	   the	   ECM	  through	  proteins	  such	  as	  fibronectin	  are	  important	  in	  regulating	  cell	  self-­‐assembly.	  	  The	  ability	  to	  pattern	  ECM	  proteins	  such	  as	  fibronectin	  onto	  substrates	  is	  important	  for	   studying	   the	   complexities	   of	   the	   extracellular	   environment.	   	   Using	   soft	  photolithography	   methods,	   polydimethylsiloxane	   (PDMS)	   stamps	   with	  microfeatures	   are	   created	   and	   can	   be	   used	   to	   stamp	   fibronectin	   using	   MCP10.	  	  Previous	  studies	  have	  shown	  that	  using	  micropatterning	  approaches	  can	  be	  used	  to	  regulate	  cellular	  architecture.11,12	   	  VSMCs	   	  have	  been	  shown	  to	  align	  preferentially	  along	   printed	   lines	   of	   fibronectin10.	   	   	   Furthermore,	   the	   functional	   contractile	  behavior	  of	  VSMCs	  is	  affected	  by	  cell	  shape,	  which	  can	  be	  manipulated	  with	  MCP	  to	  align	  and	  adhere	  to	  microcontact	  printed	  patterns	  in	  predictable	  ways.	  
	  
	  
	  
	  
Fig.	  2	  A	  spring	  model	  for	  sensing	  mechanical	  stiffness	  proposed	  by	  Lo	  et	  al.	  	  
showing	  actin	  probes	  interacting	  with	  the	  substrate	  via	  focal	  adhesions.	  (A)	  A	   low	   stiffness	   substrate	   does	   not	   provide	   a	   large	   resistance	   to	   	   pulling	   actin	  probes.	  	  (B)	  High	  stiffness	  substrate	  resists	  cell	  probes8.	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Methods	  
	  
Creating	  alternating-­‐modulus	  substrate	  constructs	  
	  A	  silicon	  wafer	  was	  created	  with	  microscale-­‐raised	  features	  (10	  𝜇m	  width	  lines,	  20	  mm	  long,	  and	  10	  𝜇m	  apart)	  at	   the	  University	  of	  Minnesota	  nanofabrication	  center.	  	  The	   master	   was	   silanized	   overnight	   in	   a	   vacuum	   desiccator.	   Sylgard	   184	  polydimethylsiloxane	   (PDMS,	   Dow	   Corning)	   was	   used	   to	   mold	   devices	   from	   the	  master.	   PDMS	  at	   a	  10	   :	   1	   ratio	  of	   base	   :	   catalyst	  was	  poured	  onto	   the	  master	   and	  allowed	  to	  cure	  overnight	  at	  90	  ℃.	  The	  PDMS	  was	  cut	  into	  15	  x	  15	  mm	  squares	  and	  silanized.	  The	  stamps	  were	  placed	   feature-­‐side	  up	  and	  a	  drop	  of	  184	  10:1	  ratio	  of	  base	  :	  catalyst	  	  PDMS	  was	  placed	  on	  each	  stamp	  and	  a	  25	  mm	  glass	  coverslip	  placed	  on	  top.	  	  The	  construct	  was	  placed	  in	  an	  oven	  and	  allowed	  to	  cure	  at	  90	  ℃	  overnight.	  	  The	   glass	   coverslip	   was	   removed	   from	   the	   stamp	   to	   expose	   the	   184	   stiff	   layer	  adhered	  to	  the	  25	  mm	  glass	  coverslip.	  	  A	  mixture	  containing	  Sylgard	  527	  PDMS	  Part	  A	  and	  Part	  B	  in	  a	  1:1	  ratio	  was	  spin-­‐coated	  on	  the	  184	  constructs	  at	  3000	  RPM	  for	  60	   seconds	   to	   create	   a	   thin	   layer	   and	   the	   construct	  was	   cured	   in	   an	  oven	   at	   90℃	  overnight.	  	  The	  overall	  fabrication	  process	  is	  displayed	  in	  Fig.	  3.	  	  	  	  	  
	  
Cell	  culture	  
	  Human	   umbilical	   artery	   vascular	   smooth	   muscle	   cells	   (VSMCs)	   were	   purchased	  from	   Lonza	   at	   passage	   3	   and	   cultured	   at	   37	  ℃	  and	   5%	   CO2	   in	   a	   growth	  medium	  consisting	   of	   Medium	   199	   (GenDEPOT,	   Baker,	   TX)	   supplemented	   with	   10%	   fetal	  bovine	   serum	   (Gibco,	   Grand	   Island,	   NY),	   10	  mM	  HEPES	   (Gibco),	   3.5	   g	   L-­‐1	   glucose	  (Sigma-­‐Aldrich,	   St.	   Louis,	   MO),	   2	   mg	   L-­‐1	   vitamin	   B12	   (SigmaAldrich),	   50	   U	   mL-­‐1	  	  penicillin–streptomycin	  (Gibco),	  1	  x	  MEM	  non-­‐essential	  amino	  acids	  (Gibco),	  and	  2	  mM	  L-­‐glutamine	  (Gibco).	  All	  experiments	  were	  conducted	  at	  passages	  5–7.	  
	  
Microcontact	  printing	  
	  Extracellular	  matrix	   (ECM)	   protein	   fibronectin	   (FN,	   BD	   Biosciences,	   San	   Jose,	   CA)	  was	  microcontact	  printed	  on	  a	  PDMS	  substrate	  using	  standard	  techniques10.	  Stamps	  were	  cleaned	  by	  sonication	  in	  70%	  ethanol	  for	  30	  m.	  	  The	  FN	  solution	  (50	  𝜇g	  mL-­‐1	  )	  was	  incubated	  on	  a	  PDMS	  stamp	  for	  1	  h	  then	  blown	  dry.	  This	  was	  done	  using	  both	  flat	   stamps	   and	   traditional	   lined	   stamps	   depending	   on	   the	   experiment.	   	   The	  alternating-­‐modulus	   PDMS	   substrate	   was	   exposed	   to	   UV	   ozone	   for	   8	   m	   and	   the	  stamps	   were	   placed	   in	   conformal	   contact	   with	   the	   substrate,	   transferring	   the	  protein.	   Slight	   pressure	   was	   applied	   to	   the	   stamp	   then	   the	   stamps	   were	   peeled	  away,	  leaving	  the	  micropatterned	  protein.	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Cell	  Seeding	  
	  VSMCs	  were	  trypsinized	  using	  0.25%	  trypsin	  with	  EDTA	  (Invitrogen,	  Carlsbad,	  CA)	  and	   centrifuged	   at	   200	   relative	   centrifugal	   force	   for	   5	   m.	   After	   centrifuging	   the	  detached	  cells	  into	  a	  pellet,	  cells	  were	  resuspended	  and	  seeded	  on	  the	  constructs	  at	  a	  cell	  density	  of	  49,000	  cells	  per	  cm^2	  construct	  surface	  area.	  	  The	  constructs	  were	  allowed	  to	  incubate	  overnight	  in	  growth	  medium.	  	  The	  tissues	  were	  serum-­‐starved	  for	  24	  h	  to	  induce	  a	  contractile	  phenotype13.	  
	  
Histochemistry	  
	  Tissues	   were	   fixed	   using	   4%	   paraformaldehyde	   (Electron	   Microscopy	   Sciences,	  Hardfield,	   PA)	   for	   5	   m	   then	   stained	   for	   F-­‐actin	   (Alexa	   Fluor	   488	   Phalloidin,	   Life	  Technologies)	  and	  nuclei	  (DAPI,	  40,6-­‐diamidino-­‐2-­‐phenylindole,	  Life	  Technologies).	  Stained	  tissues	  were	  imaged	  using	  an	  Olympus	  X-­‐81	  fluorescent	  microscope	  at	  20	  x	  magnification.	   F-­‐actin	   and	   nuclei	   images	   were	   obtained	   by	   capturing	   ten	   random	  fields	  of	  view	  in	  a	  single	  tissue	  and	  three	  tissues	  per	  condition.	  Seeding	  density	  was	  calculated	   by	   quantifying	   the	   number	   of	   nuclei	   per	   area.	   Tissue	   alignment	   was	  analyzed	  using	  F-­‐actin	  and	  nuclei	  images.	  Orientational	  order	  parameter	  (OOP)	  for	  each	   tissue	   construct	   was	   calculated	   using	   a	   Matlab	   program	   for	   actin	   fiber	   and	  nuclei	  orientation	  where	  an	  OOP	  of	  1	  indicates	  anisotropic	  alignment	  and	  an	  OOP	  of	  zero	  indicates	  isotropic	  alignment	  within	  the	  tissue.	  Nuclear	  shape	  was	  analyzed	  by	  fitting	  an	  ellipse	  to	  each	  nucleus.	  	  
Surface	  characterization	  
	  A	  P10	  Tencor	  profilometer	  (KLA	  Tencor)	   in	  the	  Characterization	  Facility	  was	  used	  to	  characterize	  the	  surface	  of	  the	  alternating-­‐modulus	  substrates	  created	  at	  various	  spin	   speeds	   and	   surface	   thicknesses.	   	   The	  P10	   is	   capable	   of	   0.5-­‐angstrom	  vertical	  resolution.	   	  All	  samples	  with	  a	  soft	  PDMS	  surface	  (5kPa	  or	  less)	  was	  sputtercoated	  using	  a	  Cressington	  208	  sputter	  coater	  with	  gold	  before	  dragging	  the	  stylus	  across	  the	  surface	  to	  ensure	  that	  the	  construct	  did	  not	  break	  the	  stylus.	  	  Each	  sample	  was	  loaded	  into	  the	  profilometer	  separately	  and	  the	  stylus	  was	  dragged	  orthogonally	  to	  the	  patterned	  lines	  across	  13	  mm	  of	  the	  construct	  at	  a	  sampling	  rate	  of	  4	  data	  points	  per	  1	  𝜇m.	  	  	  The	  raw	  data	  was	  processed	  using	  Matlab.	  	  The	  process	  of	  analyzing	  data	  in	   Fourier	   space	   to	   reveal	   surface	   characteristics	   is	   outlined	   in	   Fig.	   5.	   	   The	  calculation	   shown	   in	  Appendix	  A	   reveals	   that	   a	   result	   of	   approximately	   65	   	   index	  units	   corresponds	   to	   the	   10	   x	   10	   micron	   pattern	   of	   the	   underlying	   substrate.	  	  However,	  if	  the	  patterned	  lines	  of	  the	  underlying	  substrate	  were	  positioned	  at	  some	  angle	  with	  respect	   to	   the	  stylus	   the	   frequency	  would	  become	   lower	   than	  65	   index	  units.	   	   To	   correct	   for	   this,	   a	   range	   of	   frequencies	   from	   40-­‐70	   index	   units	   was	  examined	  and	  the	  maximum	  signal	  over	  this	  range	  taken	  when	  calculating	  the	  SNR	  (Appendix	  B).	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Fig	  3.	  Construction	  of	  the	  alternating-­‐modulus	  substrate	  constructs.	  	  First,	  184	  PDMS	  was	  placed	  on	  the	  silanated	  stamps	  with	  10	  x	  10	  μm	  microgrooves	  and	  a	  25	  mm	  glass	  coverslip	  placed	  on	  top	  of	  the	  PDMS.	   	  The	  stamp	  was	  cured	  in	  an	  oven	  at	  90°	  C	   for	   24	   hours.	   	   The	   construct	  was	   removed	   from	   the	   stamp	   to	   reveal	   a	   glass	  coverslip	  with	   10	  x	  10	   μm	  microgrooves	   as	   shown.	   	   527	  PDMS	  was	   placed	   on	   the	  micropatterned	  lines	  followed	  by	  spincoating	  at	  3000	  RPM.	  	  The	  construct	  was	  cured	  in	  an	  oven	  at	  90°	  C	  for	  24	  hours.	  	  	  	   ECM 	  	   Glass	  coverslip 184	  PDMS 
527	  PDMS VSMCs 	   	   	   	   	   	   	   	   	   	   	   	   	  	   	   	   	   	   	   	   	   	  
Fig.	  4	  A	  diagram	  of	  the	  fabricated	  alternating-­‐modulus	  substrate.	  	  The	  527	  PDMS	  layer	   both	   fills	   in	   the	   gaps	   and	   creates	   a	   thin	   layer	   through	  which	   cells	  must	   sense.	  	  Fibronectin	  ECM	  is	  patterned	  on	  top	  of	  the	  527	  layer	  to	  provide	  attachment	  points	  for	  seeded	  VSMCs.	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Results	  
	  
Fabrication	  of	  the	  alternating	  substrate-­‐modulus	  constructs	  
	  Previous	   studies	   have	   constructed	   an	   alternating-­‐modulus	   substrate	   using	   two	  different	  types	  of	  polyethylene	  glycol	  hydrogels	  for	  the	  soft	  and	  stiff	  layers14.	  Here,	  we	  aimed	  to	  create	  an	  alternating-­‐modulus	  substrate	  PDMS	  system	  using	  184	  and	  527	  PDMS	  for	  the	  stiff	  and	  soft	  layers	  respectively.	  	  This	  system	  was	  chosen	  because	  it	  is	  compatible	  with	  MTFs	  used	  previously	  to	  measure	  contractility	  of	  VSMCs.	  	  After	  experimenting	   with	   several	   techniques,	   we	   settled	   with	   a	   reverse	   embossing	  technique	  to	  create	  a	  stiff	  184	  layer	  as	  shown	  in	  Fig.	  3.	  	  The	  resulting	  construct	  was	  spin	  coated	  with	  527	  PDMS	  at	  3000	  RPM	  for	  60	  seconds	  to	  create	  a	  thin	  layer.	  	  This	  was	  done	   to	   fill	   in	   the	  gaps	  and	  create	  a	   thin	  PDMS	   layer	   through	  which	  cells	   can	  sense.	  	  The	  construct	  was	  cured	  in	  an	  oven	  for	  24	  hours	  at	  90  ℃.	  	  	  
Characterization	  of	  the	  constructs	  This	   method	   was	   subject	   to	   a	   significant	   degree	   of	   noise,	   making	   it	   difficult	   to	  interpret	   the	   results	   directly.	   	   Instead,	   the	   raw	   data	   from	   the	   profilometer	   was	  uploaded	   to	   Matlab	   where	   it	   was	   passed	   through	   a	   fast	   Fourier	   transform	   and	  binned	   so	   that	   it	   reflected	   the	   power	   spectrum	   the	   profilometer	   data.	   	   It	   was	  calculated	  that	  a	  frequency	  of	  65	  index	  units	  correlated	  to	  the	  spacing	  of	  the	  peaks	  in	  the	  10	  um	  x	  10	  um	  micropatterns	  on	  the	  constructs	  (Appendix	  A).	  	  	  	   	  	  Constructs	  were	  created	  at	  spin	  speeds	  ranging	  from	  500	  RPM	  –	  6000	  RPM	  with	  527	  PDMS	  on	  a	  25	  mm	  glass	   coverslip	   serving	   as	   the	   control.	   	   The	   raw	  data	  obtained	  from	  the	  profilometer	  was	  processed	  in	  Matlab.	  	  The	  power	  spectrum	  was	  analyzed	  for	  low	  frequency	  spikes	  in	  a	  range	  from	  40-­‐70	  index	  units	  corresponding	  to	  the	  65	  index	  units	  frequency	  of	  the	  10	  𝜇m	  lines	  as	  shown	  in	  Fig.	  5	  (Appendix	  B).	  	  A	  second	  set	  of	  identical	  constructs	  was	  created	  and	  seeded	  with	  VSMCs	  at	  49,000	  cells	  per	  cm5.	  	  The	  cells	  were	  fixed,	  stained,	  and	  imaged	  to	  determine	  the	  actin	  and	  nuceli	  OOP	  as	  shown	  in	  Fig.	  6B.	  	  We	  believe	  a	  key	  region	  exists	  when	  the	  thin	  layer	  of	  PDMS	  is	  spincoated	  on	  at	  3000	  RPM	  where	  VSMCs	  align	  preferentially	  along	  the	  underlying	  substrate	  yet	  the	  constructs	  are	  relatively	  flat.	  	  A	  sudden	  increase	  in	  the	  SNR	  occurs	  between	  3000	  RPM	  and	  4000	  RPM	  (Fig.	  6B).	   	  A	   cartoon	  depicting	   the	  general	  findings	  from	  the	  profilometer	  and	  cell	  data	  is	  shown	  in	  Fig.	  6C.	  	  	  	  	  	  
	  
Cell	  alignment	  behavior	  
	  Studies	   have	   shown	   that	   VSMCs	  will	   align	   along	   patterned	   fibronectin	   during	   cell	  seeding10.	   	   After	   it	   was	   determined	   that	   the	   constructs	   were	   likely	   flat	   and	   they	  preferentially	   aligned	   with	   the	   underlying	   substrate,	   we	   wanted	   to	   determine	  whether	   cells	   would	   preferentially	   align	   due	   to	   the	   underlying	   substrate	   or	  patterned	  ECM	  when	  presented	  with	  both	  influences.	  	  	  	   The	  constructs	  were	  spun	  at	  3000	  RPM	  and	  patterned	  with	  ECM	  at	  varying	  degrees	  of	  alignment	  between	  the	  lines	  and	  patterned	  ECM	  ranging	  from	  parallel	  to	  orthogonal	  (Fig.	  7A).	  	  The	  control	  construct	  was	  patterned	  with	  uniform	  fibronectin	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to	   test	   the	   influence	   of	   the	   underlying	   substrate	   alone.	   	   Cell	   images	   of	   actin	  were	  taken	  to	  determine	  the	  degree	  of	  alignment	  on	  each	  construct	  (Fig.	  7B).	  	  A	  rose	  plot	  of	   the	   mean	   actin	   alignment	   was	   created	   with	   the	   direction	   of	   the	   underlying	  substrate	  along	  the	  zero	  axis	  (Fig.	  7C).	   	  The	  mean	  actin	  and	  nuclei	  OOP	  for	  VSMCs	  tested	  against	  the	  underlying	  substrate	  is	  shown	  in	  Fig.	  8.	  	  The	  results	  suggest	  that	  VSMC	   behavior	   is	   more	   controlled	   by	   changes	   to	   the	   ECM	   compared	   to	   the	  underlying	  substrate	  when	  cells	  are	  presented	  with	  competing	  influences.	  	  	  
	  
	  
	  	  
	  
Fig.	   5	   Fourier	   analysis.	   (A)	   The	   power	   spectrum	   of	   the	   raw	   Fourier	  transform	   of	   the	   stiff	   184	   underlying	   substrate	   before	   spincoating	   the	   soft	  527	   layer.	   The	   yellow,	   red,	   and	   blue	   lines	   correspond	   to	   trials	   1-­‐3	  respectively.	  	  The	  blowup	  shows	  the	  peak	  signal	  and	  mean	  noise	  used	  in	  code	  from	   Appendix	   B.	   The	   SNR	  will	   be	   large	   for	   this	   construct.	   	   (B)	   The	   power	  spectrum	  and	  blowup	  from	  a	  construct	  with	  a	  thick	  2	  mm	  layer	  of	  184	  PDMS	  patterned	  on	  top	  of	  the	  underlying	  substrate.	  	  The	  blowup	  does	  not	  show	  any	  significant	  peaks	  and	  the	  SNR	  will	  be	  small	  for	  this	  construct.	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Fig.	   6	  The	   SNR	   reveals	   surface	   characteristics	   of	   the	   alternating	  modulus	  
substrate.	  	  (A)	  A	  plot	  of	  the	  mean	  signal	  to	  noise	  ratio	  (SNR)	  versus	  spin	  speed	  of	  the	  spin	  coater	  used	  to	  spin	  the	  527	  PDMS	  layer	  atop	  the	  184	  PDMS	  layer	  (n=4).	  (B)	  The	   actin	  OOP	   for	  VSMCs	   seeded	  on	   the	   constructs	   obtained	  using	   confocal	  microscopy	   (n=2).	   	   (C)	  A	   cartoon	   illustration	  of	   surface	   topography	   for	   the	  527	  PDMS	  layer	  spun	  at	  low	  spin	  speed	  (bottom)	  and	  high	  spin	  speed	  (top).	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Fig.	   7	   The	   effect	   of	   competing	   influences	   on	   alternating-­‐substrate	  modulus	   on	  
cell	   alignment	   (A)	   The	  alternating-­‐modulus	   construct	   consisting	  of	   alternating	   grey	  and	   red	   lines	   of	   184	   “stiff”	   PDMS	   and	   527	   “soft”	   PDMS	   respectively.	   	   Fibronectin	   is	  shown	  in	  black.	  	  The	  control	  was	  patterned	  with	  uniform	  fibronectin.	  	  Constructs	  were	  patterned	  at	  varying	  degrees	  of	  alignment	  relative	  to	  the	  lines	  of	  the	  construct.	  (B)	  	  Cell	  images	  taken	  in	  bright	  field	  showing	  the	  cells	  degree	  of	  alignment	  with	  the	  underlying	  substrate.	  	  (C)	  The	  degree	  of	  alignment	  of	  the	  mean	  actin	  alignment	  plotted	  on	  a	  rose	  plot	  where	  the	  constructs	  are	  at	  zero	  degrees	  (n=3).	  	  	  	  
Fig.	   8	   The	  mean	  OOP	   for	   the	   various	   alignment	   patterns	   tested.	   	   The	   control	  was	  patterned	   with	   uniform	   fibronectin	   to	   assess	   the	   influence	   of	   the	   underlying	  substrate.	   	   Fibronectin	   patterned	   on	   10	   x	   10	   micron	   lines	   at	   varying	   degrees	   of	  alignment	  with	  the	  underlying	  substrate	  were	  patterned,	  seeded	  with	  cells,	  and	  fixed	  and	  stained.	  Nuclear	  and	  actin	  alignment	  was	  measured	  for	  each	  degree	  of	  alignment	  (n=3).	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Discussion	  
	  Previously	  it	  was	  found	  that	  cells	  preferentially	  align	  with	  stiff	  substrates	  over	  soft	  substrates	  when	  patterned	  directly	  on	  an	  alternating	  stiff-­‐soft	  hydrogel	  surface14.	  	  A	  previous	   study	   also	   found	   that	   mesenchymal	   stem	   cells	   (MSCs)	   were	   capable	   of	  sensing	   ~	   10	  𝜇m	  through	   a	   soft	   substrate	   (1	   kPa)	   to	   detect	   the	   stiffer	   underlying	  glass	  substrate9.	  	  Here,	  we	  created	  alternating	  10	  µμm	  lines	  with	  stiff	  PDMS	  (184	  Dow	  Corning,	   ~1.5	   MPa)	   covered	   with	   soft	   PDMS	   (527	   Down	   Corning,	   ~5kPa).	   We	  hypothesized	   that	   this	   system	   could	   be	  made	   using	   stiff	   and	   soft	   PDMS	   and	   cells	  would	   be	   able	   to	   sense	   and	   preferentially	   align	   with	   the	   underlying	   substrate	  through	   a	   thin	   layer	   of	   soft	   527	   PDMS.	   	   We	   successfully	   created	   an	   alternating	  substrate	   modulus	   system	   using	   two	   types	   of	   PDMS	   to	   provide	   the	   soft	   and	   stiff	  layer	  (Fig.	  4.).	  	  We	  characterized	  these	  constructs	  using	  a	  profilometer	  to	  screen	  for	  grooves	   on	   the	   construct	   surface.	   	   Our	   results	   suggest	   that	   the	   constructs	   change	  from	  flat	  to	  grooved	  as	  the	  spin	  speed	  of	  the	  527	  layer	  changes	  from	  3000	  RPM	  to	  4000	  RPM.	  Constructs	  spun	  at	  spin	  speeds	  of	  4000	  RPM	  and	  above	  showed	  a	  higher	  SNR	  compared	  to	  lower	  spin	  speeds	  (Fig.	  6A).	  	  However,	  cell	  experiments	  using	  the	  same	  constructs	  showed	  that	  cells	  begin	  to	  preferentially	  align	  at	  2000	  RPM	  before	  the	  SNR	  ratio	  reaches	  a	  plateau	  around	  4000	  RPM	  (Fig.	  6B).	  	  Together,	  this	  suggests	  that	  there	  exists	  a	  spin	  speed	  range	  where	  cells	  align	  due	  to	  the	  sensing	  of	  the	  stiff	  underlying	  substrate	  before	  the	  formation	  of	  microgrooves.	  	   Fig.	  6A	  shows	  that	  the	  SNR	  did	  begin	  to	  increase	  for	  spin	  speeds	  ranging	  from	  1000	  RPM	  –	  3000	  RPM.	  	  This	  suggests	  that	  some	  grooves	  could	  have	  started	  to	  form	  in	   this	   range,	   potentially	   affecting	   cell	   alignment	   behavior.	   	  However,	   there	  was	   a	  noticeable	   increase	   in	   SNR	   between	   3000	   RPM	   and	   4000	   RPM	   suggesting	   that	  grooves	  were	  not	  fully	  formed	  until	  the	  4000	  RPM	  and	  above	  spin	  range.	  	  In	  further	  studies	   we	   plan	   to	   further	   characterize	   the	   surface	   properties	   of	   the	   alternating-­‐modulus	   constructs	   using	   scanning	   electron	   microscopy	   to	   confirm	   surface	  properties.	  	  	   After	  showing	  that	  cells	  preferentially	  aligned	  with	  the	  underlying	  substrate,	  we	   wanted	   to	   know	   whether	   the	   patterned	   ECM	   or	   underlying	   substrate	   had	   a	  greater	  influence	  on	  cell	  alignment.	  	  We	  did	  this	  by	  stamping	  fibronectin	  at	  varying	  degrees	  of	  alignment	  to	  the	  underlying	  substrate	  (Fig.	  7A).	   	  We	  confirmed	  that	  the	  cells	   were	   feeling	   the	   underlying	   substrate	   by	   using	   a	   control	   patterned	   with	  uniform	  ECM.	  	  The	  actin	  and	  nuclei	  alignment	  showed	  that	  cells	  were	  highly	  aligned	  for	   all	   alignment	   scenarios	   tested	   (Fig.	   8).	   	   Our	   results	   suggest	   that	   cells	  preferentially	  align	  much	  more	  with	  the	  patterned	  ECM	  compared	  to	  the	  underlying	  substrate	   (Fig	   7B	   and	   Fig	   7C).	   	   This	  may	   indicate	   that	   atherosclerotic	   treatments	  could	  be	  developed	  more	  easily	  that	  aim	  to	  prevent	  VSMC	  migration	  via	  controlling	  extracellular	  matrix	  production	  compared	  to	  controlling	  substrate	  stiffness.	  	  	  	   This	   study	   revealed	   that	   an	  alternating	   substrate	  modulus	   system	  could	  be	  created	  with	  PDMS	  and	  used	  to	  reveal	  interesting	  insights	  into	  VSMC	  behavior.	  	  We	  were	  able	  to	  show	  that	  a	  sweet	  spot	  exists	  where	  cells	  align	  preferentially	  with	  the	  underlying	  substrate	  and	  constructs	  are	  flat.	  	  In	  future	  studies,	  we	  would	  assess	  cell	  contractility	  at	  a	  variety	  of	  degrees	  of	  alignment	  using	  vascular	  muscular	  thin	  films	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(vMTFs)	   to	   determine	  whether	   the	   underlying	   substrate	   is	   capable	   of	   influencing	  contractility13.	  However,	  this	  protocol	  requires	  that	  the	  constructs	  be	  ~10	  𝜇m	  thin,	  which	  is	  not	  possible	  to	  attain	  using	  the	  fabrication	  method	  outlined	  in	  Fig.	  3.	   	  We	  are	   currently	   pursuing	   a	   system	   that	   utilizes	   flowing	   PDMS	   through	   microfluidic	  devices	   to	   create	   the	   constructs	   at	   the	   appropriate	   thickness	   for	   fabrication	   of	  vMTFs.	  	  	  	  	  	  
Conclusion	  
	  Here,	  we	  created	  an	  alternating-­‐modulus	  substrate	  system	  that	  provides	  insight	  into	  VSMC	  cell	  behavior	  under	  competing	  influences	  for	  alignment.	  	  Our	  results	  suggest	  a	  thickness	   range	   exists	   where	   cells	   can	   sense	   the	   underlying	   substrate	   yet	   the	  construct	  is	  relatively	  flat.	  	  Experiments	  with	  VSMCs	  showed	  that	  cells	  preferentially	  align	  with	   the	  patterned	  ECM	  over	   the	  underlying	  substrate	  when	  both	   influences	  are	  present.	  	  This	  result	  suggests	  that	  therapies	  aimed	  at	  controlling	  VSMC	  behavior	  via	   extracellular	   matrix	   production	   may	   be	   more	   viable	   compared	   to	   controlling	  vascular	   stiffness	   alone.	   	   In	   future	   studies	   we	   plan	   to	   further	   characterize	   this	  system	   using	   a	   thin	   film	   assay	   to	   assess	   VSMC	   contractility	   under	   competing	  influences	  on	  cell	  behavior	  as	  described	  in	  this	  paper.	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Appendix	  	  
A:	  Target	  frequency	  calculation	  
	  In	  real	  space,	  1291  𝜇𝑚  is	  total	  distance	  stylus	  was	  dragged	  and	  stiff	  184	  lines	  are	  10	  𝜇𝑚	  apart.	  	  	  	  We	  need	  to	  solve	  for	  the	  corresponding	  frequency	  of	  these	  lines	  in	  Fourier	  space	  	  To	  do	  this,	  we	  will	  perform	  a	  simple	  calculation	  	  Fs	  =	  sampling	  frequency	  =	  4	  samples/	  micron	  N	  =	  number	  of	  data	  points	  =	  5164	  L	  =	  distance	  between	  peaks	  =	  20	  microns	  x	  =	  index	  frequency	  corresponding	  to	  20	  micron	  distance	  between	  points	  
	  
Calculation:	  𝑥 = !!∗  !" = !"#$  !"#$%&!!"  !"∗  !  !"#$%&!!" = 64.55	  index	  units	  	  𝒙 = 𝟔𝟒.𝟓𝟓	  𝒊𝒏𝒅𝒆𝒙  𝒖𝒏𝒊𝒕𝒔	  	  	  
B:	  Matlab	  Code	  used	  for	  Fourier	  Analysis	  
%Load data 
 
load('3000A.TXT'); 
dX3000A = X3000A(:,1); 
X3000A = X3000A(:,2); 
load('3000B.TXT'); 
dX3000B = X3000B(:,1); 
X3000B = X3000B(:,2); 
load('3000C.TXT'); 
dX3000C = X3000C(:,1); 
X3000C = X3000C(:,2); 
	  
%Plot data 
	  
figure 
semilogy(abs(fft(diff(X3000A)))) 
hold all 
semilogy(abs(fft(diff(X3000B)))) 
semilogy(abs(fft(diff(X3000C)))) 
title('3000', 'FontSize',14) 
xlabel('Frequency (Index units)', 'FontSize',14) 
ylabel('Power', 'FontSize',14) 	  
%Calculate SNR ratio 
A = abs(fft(diff(X3000A))); 
B = abs(fft(diff(X3000B))); 
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C = abs(fft(diff(X3000C))); 
  
%low frequency area of interest 
A = A(40:70); 
B = B(40:70); 
C = C(40:70); 
  
%Calculate SNR 
 
SNR_A = max(A) / mean(A); 
39 + find(A == max(A)) 
  
SNR_B = max(B) / mean(B); 
39 + find(B == max(B)) 
SNR_C = max(C) / mean(C); 
39 + find(C == max(C)) 
SNR_Data = [SNR_A; SNR_B ; SNR_C]; 
mean_SNR = mean(SNR_Data) 
 
%Calculate standard deviation 
 
std_SNR = std(SNR_Data) 	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